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sensitization of smooth muscle force.
The contractile state of smooth muscle (SM) 3 is driven by phosphorylation of the regulatory myosin light chain and reflects the balance of the Ca 2ϩ -calmodulin-dependent myosin light chain kinase and myosin light chain phosphatase (MLCP) activities (1) . The stoichiometry between force and [Ca 2ϩ ] varies with different agonists (2) , reflecting other signaling pathways that modulate the MLCP or myosin light chain kinase activities (3) (4) (5) . Agonist activation of G-protein-coupled receptors triggers Ca 2ϩ release from the sarcoplasmic reticulum. Simultaneously, G-protein-coupled receptor signals are mediated by Ca 2ϩ -independent phospholipase A2 (6) and initiate kinase signals, such as PKC, phosphoinositide 3-kinase (7), and ROCK. These lead to inhibition of MLCP activity resulting in an increase in regulatory myosin light chain phosphorylation independent of a change in Ca 2ϩ (Ca 2ϩ sensitization) (for review, see Ref. 1). K ϩ depolarization can also activate RhoA in a Ca 2ϩ -dependent manner (8) . Conversely, Ca 2ϩ desensitization occurs when nitric oxide production and the activation of Gas elevate cGMP and cAMP levels in SM, leading to dis-inhibition and restoration of MLCP activity (9 -15) . Thus, MLCP plays a pivotal role in controlling phosphorylation of myosin, in response to physiological stimulation.
MLCP is a trimeric holoenzyme consisting of a catalytic subunit of protein phosphatase 1 (PP1) ␦ isoform and a regulatory complex of MYPT1 and an accessory M21 subunit (16) . A PP1 binding site, KVKF 38 , is located at the N terminus of MYPT1 followed by an ankyrin-repeat domain. This N-terminal domain forms a part of the active site together with the catalytic subunit and controls the substrate specificity via allosteric interaction and targeting to loci (17) . The C-terminal region of MYPT1 directly binds to substrates such as myosin and ezrin/ radixin/moecin proteins as well as, under some conditions, the plasma membrane, tethering the catalytic subunit to multiple targets (18, 19) . Furthermore, MYPT1 is involved in the regulation of MLCP activity. Alternative splicing of MYPT1 occurs in SM depending on the tissue and the developmental stage (20) . An exon 13 splicing of MYPT1 is involved in Ca 2ϩ sensitization that occurs in response to GTP (21) , whereas a splice variant of MYPT1, containing the C-terminal Leu-zipper sequence, correlates with cGMP-dependent relaxation of smooth muscle (22) . Direct binding of PKG to MYPT1 at the Leu-zipper domain and/or Arg/Lys-rich domain is involved in the activation of MLCP (23) (24) (25) . In addition, a myosin phosphatase-Rho interacting protein (M-RIP) is directly associated with the MYPT1 C-terminal domain, proposed to recruit RhoA to the MLCP complex (26) . The C-terminal region also binds to ZIP kinase, which phosphorylates MYPT1 at Thr-696 4 (27) . Thus, the C-terminal domain of MYPT1 functions as a scaffold for multiple phosphatase regulatory proteins.
Phosphorylation of MYPT1 at Thr-696 and Thr-853 and the phosphatase inhibitory protein CPI-17 at Thr-38 play dominant roles in the agonist-induced inhibition of MLCP (18, 28 -34) , yet the molecular mechanism(s) of MYPT1 inhibitory phosphorylation is poorly understood. Receptor activation induces biphasic contraction of SM, reflecting a sequential activation of PKC and ROCK. Phosphorylation of CPI-17 occurs first in parallel with Ca 2ϩ release and the activation of a conventional PKC that causes Ca 2ϩ -dependent Ca 2ϩ sensitization (35) . A delayed activation of ROCK increases the phosphorylation of MYPT1 at Thr-853. These phosphorylation events maintain the sustained phase of contraction after the fall in [Ca 2ϩ ] i (35) . Phosphorylation of MYPT1 at Thr-853 is elevated in response to various agonists (35, 36) . Unlike the Thr-853 site, phosphorylation of MYPT1 at Thr-696 is often spontaneously phosphorylated under resting conditions and insensitive to stimuli with most agonists (36) . Nonetheless, up-regulation of MYPT1 phosphorylation at Thr-696 is reported in some types of hypertensive animals and patients, suggesting an importance of the site under pathological conditions (37) (38) (39) . Phosphorylation of CPI-17 and MYPT1 at Thr-696 is reversed in response to nitric oxide production and cGMP elevation, which parallels relaxation (14, 15) . Upon cGMP elevation, MYPT1 at Ser-695 is phosphorylated, and the Ser phosphorylation blocks the adjacent phosphorylation at Thr-696, causing dis-inhibition of MLCP (27, 40) . However, Ser-695 phosphorylation does not cause the dephosphorylation at Thr-696 in intact cerebral artery (41) . Thus, phosphorylation of MYPT1 governs Ca 2ϩ sensitization and desensitization of SM, although the underlying mechanisms are still controversial. In addition, telokin, a dominant protein in visceral and phasic vascular SM tissues, is phosphorylated by PKG and PKA, activating MLCP by an unknown mechanism and inducing SM relaxation (42) .
Multiple mechanisms have been suggested for the phosphorylation-dependent inhibition of MLCP. Thiophosphorylation of MYPT1 results in lower V m and higher K m values of MLCP activity, suggesting that allosteric modulation of the active site is necessary for the thiophosphorylation-dependent inhibition of MLCP (43) . On the other hand, translocation of MYPT1 to the plasma membrane region occurs in parallel with the phosphorylation of MYPT1 at Thr-696 (44, 45) , but the amount translocated and the functional meaning remain controversial (41) . Phosphorylation of MYPT1 at Thr-853 in vitro reduces its affinity for phospho-myosin, thus suppressing the phosphatase activity (18) . It has also been demonstrated that reconstitution of thiophosphorylated MYPT1 at Thr-696 or Thr-853 with isolated PP1␦ produces a less-active form of MLCP complex (46) . This supports the kinetic analysis (43) that suggests an allosteric effect of MYPT1 phosphorylation on the phosphatase activity. In contrast, a thiophosphopeptide mimicking the phosphorylation site of MBS85, a homolog of MYPT1 and not present in SM, inhibits the activity of MBS85⅐PP1 complex, suggesting the direct interaction between the MBS85 site and PP1 (47) . In the crystal structure model of MYPT1-(1-229). PP1␦ complex, the electrostatic potential map at the MLCP active site complements amino acid profiles around the phosphorylation sites (17) . Therefore, it is possible that the inhibitory phosphorylation sites directly dock at the active site of MLCP and inhibit the activity. Here, we examine mechanisms underlying the inhibition of MLCP through the phosphorylation of MYPT1 at Thr-696 and Thr-853 using GST fusion versions of various MYPT1 fragments including or excluding either or both of these phosphorylation sites. Phosphorylated MYPT1 fragments including either Thr-696 or Thr-853 potently and specifically inhibit MLCP purified from pig aorta and the enzyme associated with myofilaments in permeabilized ileum SM tissues. We further show that inhibition of MLCP in SM tissues is eliminated by activation of PKA/PKG, suggesting that the GST-MYPT1 fragmentsmimicagonist-inducedautoinhibitionandcAMP/cGMPdependent dis-autoinhibition of MLCP in SM.
EXPERIMENTAL PROCEDURES
Reagents-Human MYPT1 cDNA was cloned from a HeLa cell cDNA library. Various parts of MYPT1 cDNA fragments were generated using PCR with a pair of mismatched primers with BamHI and EcoRI sites. The PCR product was cloned at the BamHI and EcoRI sites of pGEX4T-2 (GE Healthcare). Recombinant GST-MYPT1 fragments were induced for 24 h at 23°C with 0.1 mM isopropyl-␤-D-1-thiogalactopyranoside in Escherichia coli Rosetta2 TM (DE3)pLysS strain transformed with the pGEX vector and purified from lysozyme-treated bacterial lysates by GSH-HiTrap affinity chromatography using AKTA Purifier chromatography system. After the elution with 10 mM glutathione, the protein solution was dialyzed against 50 mM MOPS-NaOH, pH 7.0, supplemented with 0.8 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (Pefabloc TM ) and 0.5 mM Tris [2-carboxyethyl] phosphine and stored in Ϫ80°C. Phosphorylation of GST-MYPT1 proteins (10 M) was performed for 1 h at 30°C with recombinant human ROCK-II (Millipore #14-338) (1.25 g/ml) or PKA catalytic subunit (Sigma) in the presence of 25 mM MOPS-NaOH, pH 7.0, plus 1 mM ATP, 10 mM Mg(OAc) 2 , 0.5 mM Tris[2-carboxyethyl] phosphine, 0.4 mM Pefabloc TM , and 0.1 mg/ml bovine serum albumin. Thiophosphorylation was carried out using 1 mM ATP␥S instead of ATP. The reaction mixture was subjected to buffer exchange to 10 mM Tris-HCl, pH 7.5, using a Protein Desalting Spin Column (Pierce) before the phosphatase assay. MLCP was prepared from pig aorta homogenate, as described previously (48) . Monomeric PP1 subunit was prepared from rabbit skeletal muscle (49) . Human red cell PP2A was a generously gift from Prof. Brautigan (University of Virginia). Okadaic acid, microcystin-LR, Y27632, H1152, and 8Br-cGMP were obtained from Biomol. Anti-MYPT1 and anti-PP1␦ was obtained from Millipore. Anti-HA (12CA5 clone) was obtained from the monoclonal facility at University of Virginia. HEK293 and A7r5 cells were purchased from ATCC and harvested in Dulbecco's modified medium supplemented with 10% fetal bovine serum (CellGro).
Assays-Phosphatase activity was measured as described previously (50) . Briefly, 32 P-labeled chicken gizzard myosin regulatory light chain (0.5 M) was added to the reaction mixture of phosphatase and inhibitors to initiate the dephosphorylation. After a 10-min incubation at 30°C, the reaction was terminated by the addition of 10% trichloroacetic acid, and the radioactivity of released 32 P i was counted using Beckman LS-6500 scintillation counter. The phosphatase activities without enzyme and with phosphatase minus inhibitor were set as 0 and 100%, respectively. Mean value was obtained from duplicate assay. IC 50 Ϯ error value was calculated by a nonlinear regression curve-fitting program using an equation: activity (%) ϭ 100 Ϫ (100 ϫ [inhibitor]/(IC 50 ϩ [inhibitor])). A GST pulldown assay was performed using GST-MYPT1 fragment as a ligand. A7r5 rat aortic smooth muscle cells in a 10-cm dish were lysed with 1 ml of lysis buffer (50 mM MOPS-NaOH, pH 7.0, with 0.1 M NaCl, 1 mM EGTA, 0.1% Tween 20, 5% glycerol, 0.5 mM Tris[2-carboxyethyl] phosphine, 0.8 mM Pefabloc, and 0.5 g/ml leupeptin). The cell lysates were split into four portions, with 1 M microcystin LR added to two of them. Each solution was mixed with 20 l of GSH-agarose slurry and 10 g of GST-MYPT1 proteins and incubated for 90 min at 4°C. The beads were collected by brief centrifugation and then washed with the lysis buffer 3 times. Proteins bound to the ligands were analyzed by immunoblotting. For HA-tagged PP1, HEK293 cells in a 6-cm dish were transiently transfected for 24 h with mammalian expression vector of HA-PP1␦ (1 g) plus Myc-MYPT1 (1 g) using FuGene6
TM transfection reagent (Roche Applied Science). The cells expressing the recombinant MLCP complex were used for a GST pulldown assay (51) . Immunoblotting was performed using polyvinylidene difluoride membranes as described previously (50) . The ECL signal was detected using a Fluorochem CCD camera imaging system and quantified using the attached software, AlphaEaseFC (Alpha-Inotech).
Tissue Preparation and Force Measurements-Force measurements were performed as described previously (42, 52) . New Zealand White male rabbits were euthanized with halothane inhalation according to the animal protocol approved by the Animal Care and Use Committee at University of Virginia. Small strips (250 m ϫ 2 mm) were cut from the longitudinal smooth muscle layer of the ileum in Hepes-buffered saline (5 mM Hepes, pH 7.3, with 0.15 M NaCl, 4 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 5.6 mM D-glucose). Muscle strips were tied with monofilament silk and mounted between a tungsten needle attached to a SensoNor AE801 force transducer and a stationary hook in a 400-l bubble chamber with a stirring bar as reported previously (42) . Before the assay, each strip was stimulated with 154 mM K ϩ to assess viability. Procedures were done at room temperature (22-24°C). Muscle strips were permeabilized for 20 min with 75 M ␤-escin in the cytoplasmic buffer (30 mM PIPES buffer, pH 7.1, with 74.1 mM potassium methanesulfonate, 3.3 mM magnesium methanesulfonate, 4.5 mM MgATP, and 10 mM creatine phosphate supplemented with 1 mM EGTA (pCa Ͼ 8) (42, 52) . After permeabilization, intracellular Ca 2ϩ stores were depleted by addition of 10 M A23187 for 10 min. Muscles were partially contracted with pCa6.3 buffer (the cytoplasmic buffer plus 6.5 mM Ca 2ϩ and 10 mM EGTA) supplemented with 1 M chicken gizzard calmodulin that evokes ϳ15% of the maximum contraction induced with pCa 4.5 buffer (the cytoplasmic buffer plus 10 mM Ca 2ϩ and 10 mM EGTA). GST-MYPT1 fragments were intensively dialyzed against pCa6.3 buffer and concentrated using a Centricon tube, saving the filtrate as a control for contaminant Ca 2ϩ . GST-MYPT1 fragments or the "filtrate" controls were added to the bath, and the contraction was recorded. The mean value with the standard error (S.E.) was obtained from 3-5 independent experiments for each condition. Student's t test was performed using Microsoft Excel to test for significance.
RESULTS

Phosphorylation-dependent Inhibition of MLCP by GST-MYPT1-(654 -880) Including
Thr-696 and Thr-853-Murányi et al. (46) report that thiophosphorylation of MYPT1 at Thr-696 or Thr-853 suppresses the PP1 catalytic subunit upon reconstitution. We tested whether phosphorylation of MYPT1 induces an allosteric effect to suppress the activity or converts the region into autoinhibitory domains. We avoided the stable thiophosphorylation and prepared orthophosphorylated GSTtagged MYPT1 fragments ( Fig. 1A) and asked whether the MYPT1 segment, including the phosphorylation sites, directly inhibits the activity of purified MLCP complex. The amino acid sequence around Thr-696, indicated by a black box in Fig. 1A , is conserved among the MYPT1 family, such as MYPT2 and MBS85. The sequence around Thr-853 is unique to MYPT1. There is charge complementarity around Thr-853 similar to the Thr-696 site and, interestingly, also around Ser-19 of regulatory myosin light chain 20 (RLC20) (17) . Phosphatase assays were performed using the MLCP purified from pig aorta, consisting of PP1␦ and the N-terminal 68-kDa fragment of MYPT1 (48) (Fig. 1B) . Unphosphorylated GST-MYPT1-(654 -880) inhibits the pig aorta MLCP with an apparent IC 50 of 1.4 Ϯ 0.2 M (Fig. 1B, open circles) . Phosphorylation of GST-MYPT1-(654 -880) with recombinant ROCK (closed circles) increased the inhibitory potency about 1000-fold (IC 50 ϭ 1.1 Ϯ 0.2 nM). In contrast, PKA phosphorylation of GST-MYPT1-(654 -880: T696A) protein at Ser-695 yielded no increase in the potency (Fig. 1B, closed diamond) , indicating that the phosphorylation at adjacent Ser-695 is not inhibitory. GST-alone incubated with ROCK (broken line) did not suppress the phosphatase activity. Importantly, the thiophospho form of GST-MYPT1-(654 -880) was no more potent than the orthophospho form, indicating that MLCP is incapable of dephosphorylation of MYPT1 at Thr-696 and Thr-853 (data not shown).
A shorter fragment including Thr-696 but lacking Thr-853, GST-MYPT1-(654 -714) (Fig. 1B, closed and open triangles) was as effective as GST-MYPT1-(654 -880) in inhibiting MLCP activity. Therefore, the phosphorylation of Thr-696 is sufficient to produce maximum potency for the inhibition of GST-MYPT1-(654 -880). Asp-substitution at Thr-696, yielding GST-MYPT1-(654 -880:T696D), did not enhance the inhibitory potency (Fig. 1B, open crosses) . In addition to the phosphorylation at Thr-696, the phosphorylation of GST-MYPT1-(697-880) at Thr-853 also enhanced the inhibitory potency to the purified MLCP, 100-fold (IC 50 ϭ 60 Ϯ 10 nM (phosphorylated, closed squares) and 6.1 Ϯ 1.7 M (unphosphorylated, open squares) (Fig. 1B) . Thus, our phospho-MYPT1 fragments mimic the effect of thiophosphorylation of MYPT1 at Thr-696 and Thr-853, yielding a less active form of reconstituted MLCP complex (46) . These results suggest that interdomain interaction between the phosphorylation site and the catalytic domain seems to account for the phosphorylation-dependent autoinhibition of MLCP. Neither point mutant at Thr-853 replaced with Ala or Asp was successfully prepared from bacterial lysates because of unexpected instability of the proteins (data not shown). Fig. 2 shows inhibition of the monomeric catalytic subunit of PP1 from rabbit skeletal muscle (panel A) and PP2A from human red cells (panel B) with thiophospho (thioP)-GST-MYPT1-(654 -880). Thiophosphoprotein was used to prevent dephosphorylation during the assay. Surprisingly, thioP-GST-MYPT1-(654 -880) had no effect on the activity of the monomeric PP1 (large closed circle), even at 1 M, whereas it inhibited MLCP complex with an IC 50 of 16 nM (dotted line). Okadaic acid (ϫ) and thioP-CPI-17 (triangle) fully suppressed the monomeric PP1 with IC 50 of 51.7 and 152 nM, respectively, as reported previously (53, 54) . PP2A was insensitive to thioP-GST-MYPT1-(654 -880) but was potently inhibited with okadaic acid (Fig. 2B) . The results suggest that the MYPT1 segment (654 -880) specifically recognizes PP1 associated with MYPT1 but not PP1 alone. Interaction of the Autoinhibitory Domain Fragment with MLCP-We examined the direct interaction of the MYPT1 fragments with the active site of MLCP using a GST-pulldown method. Rat aortic smooth muscle cell lysates were used as the source of native MLCP consisting of the full-length MYPT1 and PP1␦. Unphospho-or thioP-GST-MYPT1-(654 -880) beads were mixed with the lysates, and the bound MLCP was analyzed by immunoblotting (Fig. 3A) . The intact MYPT1 and PP1␦ were associated with thioP-GST-MYPT1 but not with the unphosphoprotein (Fig. 3A) . The binding of the thioP-GST-MYPT1 fragment with MYPT1-PP1 complex was eliminated by the addition of microcystin-LR, a potent PP1/PP2A inhibitor compound. Because microcystin-LR is known to dock at the active site of PP1 (55), the results imply a competition of thioP-GST-MYPT1 fragment with MC-LR at the active site of MLCP. We further examined the interaction of P-Thr-696 and P-Thr-853 with the active site of MLCP using a GST pulldown assay with recombinant MLCP complexes with point mutations at the active site (Fig. 3B) . HA-tagged PP1␦ proteins, wild type, I132S, K221Q, and Y271A were transiently co-expressed with Myc-tagged MYPT1-(1-300), and cell lysates were used as the recombinant MLCP complex (Fig. 3B, left) . These mutations at the active site had no effects on the interaction of HA-PP1␦ with MYPT1-(1-300) (51) , and this cotransfection method yields active MLCP complex in cells (56) . HA-PP1␦ wild type protein was coprecipitated with both thioP-GST-MYPT1-(654 -714) and -(697-880), indicating that the two domains can bind MLCP independently (Fig. 3B) . The binding of thioPThr-696 fragment was impaired by either mutation at Arg-220 or Tyr-271, whereas a mutation at Ile-132 yielded moderate effect on the binding. Similarly, thioP-Thr-853 fragment failed to associate with HA-PP1 mutants of R220Q, Y271A, and I132A. These results demonstrate that each MYPT1 domain around Thr-696 or -853 directly docks at the active site of MLCP complex, resulting in the inhibition of the activity. Phosphorylated CPI-17 failed to bind to HA-PP1 R220Q and Y271A, whereas the I132S mutation of HA-PP1 did not affect the interaction with phosphorylated CPI-17 (51) . Therefore, the overall mechanisms of the phosphorylation-dependent inhibition of MLCP are similar between MYPT1 Thr-696, Thr-853, and CPI-17 Thr-38, although the residues at the PP1 active site involved in the docking are distinguishable.
Specificity of GST-MYPT1-(654 -880) for the Inhibition of Phosphatases-
GST-MYPT1-(654 -880) Evoked Ca 2ϩ -sensitized Force of Permeabilized Rabbit Ileum Smooth Muscle-We examined the role of MLCP autoinhibition in the regulation of SM contraction using GST-MYPT1 fragments. Unphosphorylated GST-MYPT1 fragments were added to rabbit ileum SM strips permeabilized with ␤-escin. This permeabilization protocol retains receptor coupling and signaling for the generation of Ca 2ϩ -sensitized force in response to GTP␥S or agonist stimulation at constant Ca 2ϩ concentration (42, 52) . Fig. 4A demonstrates a typical force measurement trace from a permeabilized ileum strip. GST-MYPT1-(654 -880) increased contraction of permeabilized strips at a submaximal calcium concentration of pCa 6.3. The Ca 2ϩ -sensitizated force reached 49% that of the maximum force induced with pCa4.5 and was reversed by withdrawing Ca 2ϩ with EGTA (pCa Ͻ8). Buffer control (filtrate) induced no effect on the contraction (Fig. 4A) . The Ca 2ϩ -sensitized force induced with GST-MYPT1-(654 -880) was increased dose-dependently to 50% that of maximum force, with an apparent EC 50 value of 3 M (Fig. 4B) , which is consistent with the expression level of MLCP, estimated as 2-3 M in phasic smooth muscles (57, 58) . Fig. 4C shows an in situ MLCP activity assay where the relaxation rate of a permeabilized SM strip was measured in the presence and absence of GST-MYPT1-(654 -880). Maximum contraction of the permeabilized ileum strip was induced with pCa4.5 buffer. Then myosin light chain kinase activity was arrested by the addition of ML-9 (200 M), and removal of Ca 2ϩ with EGTA and MLCPdependent relaxation was monitored. The half-time of 50 Ϯ 3.9 s in the control was significantly faster than the 62 Ϯ 3.9 s in the presence of 7 M GST-MYPT1-(654 -880) (Fig. 4C) -sensitized force, indicating that phosphorylation of GST-MYPT1-(654 -880) at Thr-696 in the permeabilized tissue is needed to produce the inhibitory potency for the endogenous MLCP (also see Fig. 4A ). The negative value seen with filtrate and T696A was because of a slow fall of the pCa 6.3 force over the time of incubation with the filtrate (Fig. 4A) . The shorter fragment, GST-MYPT1-(654 -714), induced a similar level of Ca 2ϩ -sen- sitized force as induced with GST-MYPT1-(654 -880). Thus, the sequence conserved among the MYPT1 family is sufficient to produce Ca 2ϩ sensitization of permeabilized SM. The other part of the MYPT1 fragment, GST-MYPT1-(697-880), induced Ca 2ϩ -sensitized force but only by 10% that of the level achieved with Thr-696 fragments. This is consistent with the results of higher IC 50 values of GST-MYPT1-(697-880) compared with GST-MYPT1-(654 -714), shown in Fig. 1 . These results suggest that both phosphorylation sites of MYPT1, Thr-696 and Thr-853, are capable of inducing Ca 2ϩ -sensitized force via inhibition of MLCP in SM, albeit with markedly different potencies.
The MYPT1 Thr-853 site is reported as a ROCK phosphorylation site (18, 28) , whereas multiple kinases, such as ROCK (29), integrin-linked kinase (30), zipper-interacting kinase (31) , and p21-activated kinase (32) are capable of phosphorylating Thr-696. As shown in Fig. 6 , the GST-MYPT1-(654 -880)-induced contraction was completely eliminated by the addition of both ROCK inhibitors, Y27632 and H1152. Y27632 also canceled the contraction evoked by GST-MYPT1-(654 -714) (Fig. 6B ). There results indicate that endogenous ROCK in permeabilized ileac SM is at least partially active under submaximum Ca 2ϩ concentrations without agonist stimulation and is involved in the phosphorylation of MYPT1 at Thr-696 to evoke Ca 2ϩ sensitized force. Because ROCK inhibitors suppress the contraction at pCa6.3, the extent of the relaxation of the GST-MYPT1-(654 -880) induced by Y27632 treatment was Ͼ100%. Ca 2ϩ is known to activate RhoA/ROCK (8) , so that the submaximal pCa6.3 possibly induces the partial activation of ROCK, which is responsible for the basal level of contraction at pCa6.3 and the phosphorylation of GST-MYPT1-(654 -880) reported below.
8Br-cGMP-induced Relaxation of Ca 2ϩ -sensitizing Force Evoked by GST-MYPT1-(654 -880)-
The addition of 8Br-cGMP, a stable form of cGMP, evoked relaxation of GST-MYPT1-(654 -880)-induced contraction at pCa6.3 (Fig. 7A) . The extent of relaxation at 100 M 8Br-cGMP reached nearly 100% that of the Ca 2ϩ sensitization force (Fig. 7) . Similarly, 8Br-cGMP suppressed the contraction induced by GST-MYPT1-(654 -714). Therefore, cGMP-mediated signaling can eliminate the contraction induced by the autoinhibition of MLCP. Recent reports suggest a critical role of the phosphorylation of MYPT1 at Ser-695 adjacent to Thr-696 on cGMP-mediated relaxation of smooth muscle by blocking the phosphorylation at Thr-696 (27, 40) . We asked whether the phosphorylation at Ser-695 is necessary for the 8Br-cGMP-induced elimination of the inhibition of MLCP by GST-MYPT1-(654 -880) using an Ala-substituted S695A mutant. GST-MYPT1-(654 -880:S695A) induced Ca 2ϩ sensitization force as effectively as the Ser-695 version (Fig. 5) . The contraction induced with GST-MYPT1-(654 -880:S695A) was suppressed by the addition of Y27632 (Fig. 6B) . Importantly, the addition of 8Br-cGMP fully eliminated the Ca 2ϩ sensitization force induced with GST-MYPT1-(654 -880:S695A) (Fig. 7B ). 8Br-cGMP is known to activate PKG as well as PKA. Phosphorylation of CREB (cAMP-response elementbinding protein), a PKA substrate, also occurred, so that both PKA and PKG are activated in response to 100 M 8Br-cGMP (data not shown). Thus, phosphorylation of GST-MYPT1-(654 -880) at Ser-695 is not involved in 8Br-cGMPmediated elimination of the Ca 2ϩ -sensitized force. Fig. 8 shows the phosphorylation of GST-MYPT1-(654 -880) (panel A) and endogenous MYPT1 (panel B) in the permeabilized ileum. After an incubation for 5 min with 4.0 mM ATP, both Thr-696 and Thr-853 of GST-MYPT1-(654 -880) were phosphorylated in the permeabilized ileum at pCa6.3 (Fig. 8A) . The phosphorylation was reduced to 60 -70% maximum by the addition of 8Br-cGMP. Y27632 treatment potently reduced the phosphorylation at Thr-853 and halved that at Thr-696 (Fig. 8A) . As shown in Fig. 8B , the phosphorylation of endogenous MYPT1 at both sites was increased by the addition of ATP-pCa6.3 solution, in parallel to the contraction that reached about 50% of GTP␥S-induced force. Interestingly, the phosphorylation of endogenous MYPT1 was reduced to the basal level by the addition of GST-MYPT1-(654 -880). There was no further reduction of MYPT1 phosphorylation in the presence of 8Br-cGMP or Y27632 (Fig. 8B) . These results suggest that phosphorylation of GST-MYPT1-(654 -880) at Thr-696 and Thr-853 spontaneously occurs in the permeabilized ileum tissues, and this accounts for the Ca 2ϩ sensitization force. The reduction in phosphorylation of endogenous MYPT1 by GST-MYPT1-(654 -880) indicates a competition between ectopic (10 M) and endogenous (1-2 M) MYPT1 for the kinase. Thus, the Ca 2ϩ -sensitized force induced by the addition of GST-MYPT1
In Situ Phosphorylation of GST-MYPT1 Fragments and Endogenous MYPT1 in Ileum SM Strips-
is because of the inhibition of endogenous MLCP by the 10-fold higher concentration of phospho-ectopic protein. Therefore, the change in the phosphorylation of endogenous MYPT1 is negligible and does not contribute to the GST-MYPT1-(654 -880)-induced Ca 2ϩ sensitized force.
DISCUSSION
In this study we demonstrate that the MYPT1 fragment, inclusive of the Thr-696 or Thr-853 phosphorylation sites, inhibits MLCP and induces Ca 2ϩ -sensitized force in SM upon phosphorylation through basal activity of endogenous ROCK. Because of unexpected instability of T853A/D mutants, we could not test whether the phosphorylation of Ser-852, which is phosphorylated in fibroblasts (28) , is involved in the inhibition of MLCP. The inhibition with P-GST-MYPT1-(654 -880) was highly specific to the MLCP complex, such that the isolated PP1 monomer from rabbit skeletal muscle was insensitive to the MYPT1 fragment, indicating that neither phospho-Thr-696 nor phospho-Thr-853 is capable of inhibiting monomeric PP1. In contrast to our data, Murányi et al. (30) demonstrated that the MYPT1 fragment (residues 514 -963) inhibits the isolated PP1 catalytic subunit with an IC 50 around 100 nM. Although the protein was thiophosphorylated with recombinant zipper-interacting kinase or integrin-linked kinase, not with ROCK, the phosphorylation site was identified at Thr-696. Our phospho-MYPT1-(654 -880) inhibited the MLCP complex with an IC 50 of 1.6 nM, so that clearly the isolated PP1 is less sensitive when compared with the MLCP complex. Tan et al. (47) demonstrated that the 50-residue peptide mimicking the conserved region of MBS85, corresponding to MYPT1 Thr-696, binds to the recombinant HA-tagged PP1␦ purified from COS7 cells and inhibits the activity of MBS85⅐PP1 complex. There are only minor differences between two sequences of MYPT1 and MBS85 in the phosphorylation site domain. However, overall sequence of MBS85 shows less than a 40% homology to MYPT1, and the length between the N-terminal ankyrin repeats and the phosphorylation site of MBS85 is 135 residues shorter than that of MYPT1, which could have significant effects on folding and conformation in the inhibitory mechanism. Importantly, the thiophosphopeptide of MBS85 was used for the inhibition assay (47) . Generally, Ser/Thr phosphatases cannot catalyze a hydrolysis of thiophospho ester, so that the thioP-protein forms a stable complex with phosphatase and suppresses the activity. Indeed, thioP-myosin inhibits MLCP activity with an IC 50 of 35 nM, whereas orthophosphoprotein does not affect the activity at all (data not shown). Therefore, the inhibitory effect of the previous MYPT1 fragment possibly reflects stability of the thiophospho ester but not the autoinhibition. The present study provides the first evidence that phosphorylation of MYPT1 converts the regions into an autoinhibitory domain under physiological conditions. In this study we show that our preparations of PP1 and PP2A are active using okadaic acid and CPI-17. Further evidence that phospho-MYPT1-(695-880) docks at the PP1 site in the MYPT1⅐PP1 complex is based on our PP1 mutation assay. The residues in the active site of MLCP play dominant roles in the interaction with MYPT1 autoinhibitory domains. The N-terminal domain of MYPT1-(1-300) includes a PP1 binding motif plus 8ϫ ankyrin repeats. Crystallographic studies of this N-terminal domain and PP1 showed that the formation of the complex produces an extended catalytic cleft that determines substrate specificity via this allosteric interaction (17) . The surface electropotential mapping of the active site of MLCP shows a charge complementarity around the Thr-696 and Thr-853 of MYPT1, resembling those around Ser-19 of the myosin light chain (17) . Therefore, the autoinhibitory domain of MYPT1 likely recognizes the active site modulated by the allosteric regulation with the N-terminal domain of MYPT1. Interestingly, the N-terminal 19 residues of MYPT1, located near the PP1 active site, are directly associated with phosphorylated CPI-17 (59) . Therefore, it is also possible that the autoinhibitory domain recognizes the MYPT1 N-terminal segment as a marker of the active site. In addition to Thr-696 site, the sequence in MYPT1-(1-300) is conserved in MYPT2 and MBS85. Thus, the autoinhibitory regulation via Thr-696 site of MYPT1 seems to be a common theme in the regulation of PP1 complexed with MYPT1, MYPT2, and MBS85.
The role of Thr-853 phosphorylation on the regulation of MLCP has been controversial. Velasco et al. (18) reported that a MYPT1 fragment (714 -1004) is coprecipitated with myosin filaments under low ionic strength condition. The phosphorylation of MYPT1-(714 -1004) with ROCK blocked the interaction with myosin filaments, accounting for the reduction in the activity (18) . Our experimental conditions are significantly different from those used in that study. Instead of whole myosin molecules, we used isolated myosin light chains for the inhibition assay to omit the effect of the direct binding between MYPT1 and the substrate. Furthermore, the MLCP used for the assay lacks the C-terminal myosin binding site of MYPT1. Therefore, the inhibition of MLCP with P-GST-MYPT1-(697-880) occurs without interference from the binding of myosin. Murányi et al. (46) reported that recombinant full-length MYPT1 thiophosphorylated at Thr-696 or Thr-853 inhibits monomeric PP1, using myosin light chain and myosin as substrates. Based on our results and the results with the MBS85 peptide, we presume that the N-terminal domain of the fulllength recombinant MYPT1 associates with monomeric PP1, which makes the active site accessible for the autoinhibitory domains. Taken together, we propose a model for the autoinhibitory regulation of MLCP mediated by two individual phosphorylation sites, Thr-696 and Thr-853 (Fig. 9) . Phosphorylation at Thr-696 produces a potent autoinhibitory site, docking at the active site of MLCP. Phosphorylation of MYPT1 at Thr-853 also results in the inactive form of MLCP, although this is less potent. Our study does not address the release of MYPT1 from the myosin filament upon phosphorylation at Thr-853, which may play a more prominent role in myosin binding than in catalytic activity. The IC 50 value of GST-MYPT1-(697-880) was 50-fold higher that that of GST-MYPT1-(654 -714). However, because in our model the autoinhibition is driven by intramolecular interaction, the affinity of each inhibitory domain with the active site will not affect the potency in the intact holoenzyme. In fact, each thiophosphorylation at Thr-696 or Thr-853 of the full-length MYPT1 is reported to suppress the phosphatase activity equally (46) .
In the model, illustrated in Fig. 9 , the direct docking of the phosphorylation sites with the active site of MLCP is a determinant of MLCP activity. Ichikawa et al. (43) demonstrated that thiophosphorylation of purified MLCP complex causes inhibition of the activity. The kinetic analysis shows an increase in K m value and a decrease in V m value upon thiophosphorylation. In addition, the thioP-MLCP complex retains 20 -30% activity (43, 46) . These results led to the conclusion that the phosphorylation of MYPT1 causes allosteric inhibition of the phosphatase activity through conformational change. Our data with MYPT1 fragments suggest another mechanism underlying MLCP regulation. In this mechanism the phospho-MYPT1 fragment with either Thr-696 or Thr-853 directly docks at the active site of MLCP and inhibits the activity completely. This indicates competitive autoinhibition upon the phosphorylation of MYPT1. An analogy can be made with another Ser/Thr phosphatase, calcineurin (CaN). The active domain of CaN is followed by an inhibitory domain and calmodulin binding domain (for review, see Klee et al. (60) ). The kinetic analysis demonstrated that calmodulin binding of CaN increases the V m value but does not affect the K m value, suggesting allosteric activation of the phosphatase (61) . On the other hand, the peptide mimicking the inhibitory domain causes a competitive inhibition of CaN active fragment, suggesting a direct binding of the inhibitory domain to the active site (62) . Later, x-ray crystallography solved the three-dimensional structure of CaN with the autoinhibitory domain, showing that the alpha-helical inhibitory domain locates along the active site groove of CaN, supporting the autoinhibitory mechanism (63) . Thus, we presume that Michaelis-Menten type kinetic analysis cannot be applied to the intramolecule regulation of MLCP. For example, structural hindrance may give a restraint to the interaction between the phosphorylation site of MYPT1 and the active site, so that activity is not suppressed completely. Our study using MYPT1 fragments points out the possibility of the autoinhibition of MLCP upon the phosphorylation. Recently, Wang et al. (64) reported that multiple loci in CaN are involved in the autoregulation of CaN. Thus, it is possible that multiple factors, including multi-interactions and conformational changes, are orchestrated to control the MLCP activity in addition to the simplified autoinhibition model in Fig. 9 . Structural insights into the regulation are needed for further discussion of the underlying mechanism.
The contraction evoked by the addition of GST-MYPT1-(654 -714) was eliminated by ROCK inhibitors as well as 8Br-cGMP. Cyclic GMP is known to activate MLCP activity in arterial and ileum SM (12, 65) . Phosphorylation of MYPT1 at Thr-696 is reduced upon 8Br-cGMP stimulation through the adjacent phosphorylation at Ser-695 (27, 40) . In our assay, because the Ala substitution at Ser-695 was incapable of eliminating the effect of 8Br-cGMP, the phosphorylation of GST-MYPT1-(654 -880) at Ser-695 is unlikely the cause of the relaxation in these experiments. On the other hand, our results do not exclude the possibility that the phosphorylation of endogenous MYPT1 at Ser-695 alters the sensitivity against GST-MYPT1 fragments. A simple explanation for the 8Br-cGMPinduced inactivation of the GST-MYPT1 fragment is the inhibition of ROCK by cGMP signaling. PKG has been reported to phosphorylate RhoA at Ser-188, causing translocation and inactivation of RhoA (66) . It is possible that 8Br-cGMP induces phosphorylation of endogenous RhoA or possibly an activation of a RhoGAP with subsequent inactivation of ROCK that triggers in situ dephosphorylation of GST-MYPT1-(654 -880). In addition, an unidentified Thr-696 phosphatase is possibly activated in response to the cGMP signal. PKG is reported to associate with the C-terminal domain of MYPT1 and is involved in SM relaxation (23, 25) . The phosphorylation of telokin by PKG activates MLCP through an unknown mechanism (42, 65) . Totsukawa et al. (67) showed that phosphorylation of MYPT1 at Ser-434 causes activation of the phosphatase activity during mitosis. Neither the C-terminal PKG binding sites nor Ser-434 is included in GST-MYPT1-(654 -880), so that these signals are unlikely involved in the effect of 8Br-cGMP on GST-MYPT1 fragments. Nonetheless, because the inhibition of MLCP relies on the interaction between the active site and the autoinhibitory sites, the autoinhibition could be cancelled through a physical interference of the interaction without affecting the phosphorylation status. Our results encourage further study into mechanisms of de-autoinhibition of MLCP in cGMP-induced relaxation.
Agonist-induced Ca 2ϩ sensitization of SM contraction is mediated by three sites of phosphorylation; MYPT1 at Thr-696, Thr-853, and CPI-17 at Thr-38. There are no significant similarities in the overall sequence within the inhibitory domains of MYPT1 and CPI-17 except for the residues around their phosphorylation sites, which are relatively enriched with basic residues (17) . The apparent IC 50 value of phosphorylated CPI-17 is similar to that of P-GST-MYPT1-(654 -714) (59) . Besides, Asp substitution at the phosphorylation site does not increase the potency, suggesting a similar important role of the phosphate group in the inhibition of MLCP (68) . Thus, MYPT1 and CPI-17 share a common mechanism of inhibition, where upon phosphorylation the inhibitory domain of MYPT1 or CPI-17 directly docks at the active site of MLCP. However, there are differences. Phosphorylated CPI-17 is dephosphorylated by monomeric PP1 or PP1 complexed with other regulatory subunits; thereby, CPI-17 selectively inhibits MLCP rather than other PP1 complexes in cells (69) . On the other hand, we demonstrate that the thiophosphorylated MYPT1 autoinhibitory domain cannot inhibit monomeric PP1. This indicates that the specificity of the autoinhibition relies on the allosteric regulation of PP1 through its complexing with the MYPT1 N-terminal domain as well as a spatial restraint in intramolecular interaction. Various agonists elicit diverse signals in SM cells and activate multiple kinases such as PKC, ROCK, integrin-linked kinase, zipper-interacting kinase, and others. The diverse signals converge on the active site of MLCP through the direct interaction with phosphorylated MYPT1 at Thr-696 and Thr-853 and CPI-17 at Thr-38. Thus, the interaction between the active site of MLCP with the inhibitory phosphorylation sites is the determinant of Ca 2ϩ sensitivity of SM contraction. The autoinhibitory model offers a new focal point for further study of the regulation of smooth muscle contraction and relaxation.
